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The K2K Experiment

KEK to Kamioka Long-

Baseline Neutrino Oscillation
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Extruded Scintillators (15ton) \
""muuj'" s - fully active detector
.' SmN%, - 14,848 Scintillating Bars
. - polystyrene (C_H.)
- light guided by WLS fibers to

64-channel MAPMTs
- 1.7 x 3 x 3 m’(~15 tons)

beam—

64ch Multi—-Anode
PMT

- one plane is 116 bars
- one layer is an x-plane and a
y-plane

Upgrade to near detector - 64 layers along the beam
(replaced a lead glass detector) {irection

Wave-length .
shifting fiber

Oct. 2003 — Nov. 2004
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CC Coherent Pion Production

- + . .
vV, A—-u AT measurement made using SciBar data

Event Selection:
CC, 2 tracks, nonQE-like

e Data
[ ] CC coherentn
[ CC1rm, DIS, NC

Entries / 0.05(GeV/c)?
e

2" track pion-like and forward o N B GG QF

low vertex activity e, .

g° <0.1 GeV? 00 02 04 06 08 1 12
rec g2, (GeV/c)?

(~47% pure)
result is consistent with no CC coherent pion production

upper limit of 0.60 x 10 at 90% confidence level for CC
coherent pion production cross section relative to the total

r tion
CC cross sectio PRL 95, 252301 (2005)
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CC11r Interactions

Single 1" via resonance production in CC v interactions:
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Rein and Sehgal model:

+ Cross section for each final state is calculated as a coherent
superposition of all the possible contributing resonances, W<2 GeV/c’
- axial-vector mass, M = 1.1 GeV/c? (based on K2K data)

+ also used for resonant single K and n production
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Other Neutrino Interactions

quasi-elastic and elastic scattering based on Llewellyn Smith
model, M, “ = 1.1 GeV/c* (based on K2K data)

Deep inelastic scattering with GRV94 structure functions. We use
the correction to GRV94 proposed by Bodek&Yang which reduces

the cross section for low g°.

NC coherent pion production based on Rein and Sehgal model

with correction by Marteau et al.

CC coherent pion production
is ignored in model (based on
SciBar measurement)

Interaction type

Percent of Total

Charged-current (CC)

Vph — i p

vup — o pmt

Vyn — u_mrJr

Vun — u_pﬁro

vyN — pn~ X

CC (other)
Neutral-current (NC)

72%
32%
18%

6%
5%
9%
2%

28%
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Nuclear Interactions

Neutrino interaction with p,n is occurring inside the
nucleus — must consider the effect of the nuclear medium

Relativistic Fermi gas model
Fermi surface momentum = 225
MeV/c for C

600

[$2]
o
o

Pauli exclusion effect

B
o
o

300

Nuclear potential = 27 MeV for C

Interactions of outgoing particles
Inside the nucleus:

* nucleon rescattering

+ pion absorption, inelastic scattering,
charge exchange

+ delta absorption (in resonance
production)

100

cross section for 7*+'°0 (mb)

- * inela+abs+cex

[ O inelastic

—® absorption

[ & charge exchange

—x—

inela+abs+cex

‘./%;-ﬂ‘:i:..:%'\“\" % |ne|a t'c
il . ~———
K g™ N

absor tion

P % -------------

chargp exchange

200 300 400 500 600

momentum of n* (MeV/c)

June 1, 2007

L. Whitehead, Nulnt07



SciBar Event Reconstruction

: 102
Crosstalk correction B
8000 e | Selected ® Data
. -
Hit Threshold: > 2 p.e. 6000 | 9 O mc
4000 511 number of p.e. per hit after
o000 | T, crosstalk correction
0 :\ el e le—— RN Nt

Tracking: T ro-slctrons

- Cellular automaton tracking algorithm applied separately
to x-z and y-z projections

- require hits in 3 consecutive layers (8 cm — 450 MeV/c for
proton)

- 3D reconstruction by matching z-track edges and timing of
2D tracks

- reconstruction efficiency for single track passing through 4

or more layers (10 cm) is 99%
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CC Event Selection

Select CC events by identifying the muon.

- match SciBar track to track or first layer hits in the MRD
(muon momentum threshold 450 MeV/c)

- set of events where SciBar-MRD matched track is found is
the MRD sample, our CC-enriched sample

- Purity of CC events in the MRD sample is 96%

H H i 1 i

Fine-Grain :E ( LL :: U E: i. i: K2K Fire-Grained -::' J|L 3 s.
H H M u s H1 i
H | g | E A i

Fun 5493 Spill 50303 TRGID 1
SEEv 10660 2004 2 82

004
Nz D

. resolution ~
0 MeV/c

©O© T

i

0 ~ 1.4 degrees

o e e o G S T B o
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Event Classification

1) Vertex matching: Cut tracks that are / K

not “at vertex”
SciBar-MRD track ‘m

2) For 2-track events, separation
in QE-like and nonQE-like based

LY.
-y
--------
-y
-y,

expected proton

P track (it CCQE) 51 direction of 2™ track
2" track MiRD ety PYOtOR

3) Particle ID: Muon Confidence Level
(MuCL), likelihood variable based on
dE/dx to separate protons from pions

(MeV/cm)
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Event Classification

1 track

/ P 4 QE-like
— [ETE

1 proton-like
& 1 pion-like
3 tracks

_over

CCQE-enriched: 8894 evts, 60% purity, 60% eff

CCprr'-enriched: 1619 evts, 41% purity, 13% eff

CC1tmr'-enriched: 1566 evts, 48% purity, 11% eff
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Neutrino Energy Reconstruction

H, + CCin*-enriched sample }|'+ + CCpn*-enriched sample

1 ﬂ* { B ccaE H ‘| Bl ccaE
{ i CCpr* + B CCprn+

M cenrt + W cenn

BKGD BKGD

= DATA * DATA

00 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 00 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Reconstructed E, (GeV) Reconstructed E, (GeV)

CCQE-enriched sample

5 % © :E#(mN—V)—I—%(mj‘;(—(mN—V)Q—mi)
57 MccaE Y (my —V)—E, + pycosb,
Il CCpr

B cennt

ke N = nucleon target (p, n)
X = outgoing baryon (p, A)
V = nuclear potential = 27 MeV

00 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Reconstructed E, (GeV)
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Measure the cross section for inclusive (CC111") and exclusive
(CCp1r") resonant single pion production relative to the CCQE
cross section (to avoid large uncertainties in absolute flux

measurement) O_CC]1T+ P

R = R =

nc CCOFE ’ = exc CCOE
O < O 9

E, Range (GeV)

Measure both the total cross section 0.00-1.35

ratio and the neutrino energy dependent 1.35-1.72

ratio, energy bins shown in table — 1.72-2.99
> 2.22

Will describe the CC111" measurement, but method is same for the
CCpt™ measurement, using the appropriate enriched sample
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Analysis Strategy

Subtract the MC-predicted background from the CC11*- and
CCQE-enriched samples — S, S oF

(background = everything except CC11" and CCQE)
Efficiency of CC111"

/ inS_

/ CClt CCQE\/ CIUW+\
/ S | e, e, N
| ccint  ccoE CCOE
\SQE/ \€oE Cor | \ﬁfmber of/
background- Migration Matrix CC1m*.CCQE

subtracted CC1m" (predicted by MC)

and CCQE samples interactions in

+ our data
CClT
N

Cross Section Ratio: R =
NCCQE
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Analysis Strategy

For energy-dependent cross section ratio, migration matrix
accounts for migration among neutrino energy bins and
between CC111" and CCQE samples.

Still consider only overall normalization of CCQE cross section.

Ay

TT

ST(,2
S7T,3
S7T,4

S ok

June 1, 2007

CCIm
N, "

cclim'
Nz

CClt’
N3

CcCltm’
N, "

4x4 4x1
CC1tr CCQE
to to
CC1tr’ cCim
1x4 1x1
CC1tr CCQE
to to
CCQE CCQE

A CCOE
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Ncczn*

R,= f ;VCCQE

fe is fraction of CCQE

In energy bin e
(predicted by MC)
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Systematic Errors

* Nuclear effects: consider uncertainty in model for pion inelastic
scattering (+-30%), pion absorption (+-30%), proton rescattering
(+-10%), and Fermi surface momentum (+- 5 MeV/c)

+ Detector simulation: uncertainty in model for crosstalk
(+-0.0025), PMT energy resolution (+-10%), and scintillator
quenching (+-0.0023)

+ Reconstruction: uncertainty in hit threshold (+-15%) and angular
resolution (+-0.009), energy scale (+-2.7%)

- Neutrino Interaction Model: uncertainty in M AQE (+-0.1 GeV/c?,

shape only), Bodek/Yang correction to DIS structure functions
(+-30%), observed discrepancy in DIS cross section (+-40%)

* Neutrino Energy Spectrum Measurement: +- 10 for seven
neutrino energy bins
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Secpr/ OccaE (exclusive) Geee Occqe (INclusive)
02.2rC 02.2¢
@ 23_ ® 23_
€ 2| ® SciBar = “E’| ® SciBar
2 1.8 21.8
g °F |4 MC 5|4 MC
" 1.6 " 1.6
g E & E
o 1.4 1.4
6 F o
1.2 1.2
1= 1= *
0.8 + + 0.8
0.6 0.6 +
0.4 ? 0.4
0.2f 0.2F
: L 1 L 1 l 1 L il L I L L 1 1 l 1 L 1 1 I 1 L 1 1 I : L 1 L 1 I 1 L 1 L I 1 L 1 1 l 1 L 1 1 I 1 1 L 1 I
% 1 2 3 4 5 % 1 2 3 ] 5
E, (GeV) E, (GeV)
Energy Range Cross Section Ratio Energy Range Cross Section Ratio
gCCPmt O_CCl‘n'+
(GeV) R. = O.CCW (GeV) Re = UOCW
>0.00 0.614+0.061(stat.) 0054 (nucl.) 13037 (syst.) >0.00 0.85040.080(stat.) "0 127 (nucl.) F91L9 (syst.)
0.00-1.35  [0.42940.071(stat.)*0 079 (nucl.) T2 112 (syst.) 0.00-1.35  |0.5224-0.103(stat.) "5 052 (nucl.) 70129 (syst.)
1.35-1.72 0.68940.112(stat.) 5118 (nucl.) 595 (syst.) 1.35-1.72 0.960+0.179(stat.) 0502 (nucl.) "o 557 (syst.)
1.72-2.22 0.788+0.126(stat.) 0 5% (nucl.) T0-Lo5 (syst.) 1.72-2.22 1.170+0.206(stat.) 72250 (nucl.) 72393 (syst.)
>2.22 0.67440.146(stat.) T2 997 (nucl.) 229 (syst.) >2.22 1.13540.225(stat.) 5272 (nucl.) T 558 (syst.)

—0.138 —0.311
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Comparison to Other Experiments

Occps/ Cccae (€Xclusive) |Scen/ Occqe (inclusive) |
o 2.2 -] 2.2C
S L.F ; s FE :
= “E|® SciBar € 2F|® SciBar
o = o =
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ANL: Argonne 12 foot bubble chamber, hydrogen and deuterium
target, peak neutrino energy 0.5 GeV

GGM: CERN bubble chamber, propane-freon target, neutrino
energy < 10 GeV

BNL: Brookhaven 7 foot bubble chamber, deuterium target, mean
neutrino energy 1.6 GeV

NOTE: SciBar data points have been scaled to take into account the fact that
our target material (C_H,) has more protons than neutrons.
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Cross-Check Analysis

An independent analysis is done using same data but a
different method:

Bin the data using muon kinematic variables and perform a
maximum likelihood fit based on Poisson statistics

Divide data and MC into four

1 track
.4 QE-like event samples

-y >

MRD sample

2 track _w 2" track pion-like
™ nonQE-like

~h

MC events further divided based on:

- interaction type — CCQE, CC11", and background.
- true neutrino energy

Data and MC binned in P, Vs. BpI bins (0.2 GeV/c, 10° bins)

2" track proton-like

Fit gives number of CCQE, CC111", and bkgd. interactions in
data relative to MC — can extract cross section ratio from this

June 1, 2007 L. Whitehead, Nulnt(07
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Cross-Check Analysis

Gecpr Occae (€Xclusive) Gcein! Occar (inclusive)
o22rC 022
T b . = r
E 25 A Main Analysis Independent :E 25 A Main Analysis
-% 1.8 @ Cross-check Analysis res u Its a re % 1.8 ® Crosscheck Analysis
B 1.6 - B 1.6
2 " F consistent o l
o4 o 1.4
[ &] - & C
1.2 1.2 1
1 —

© o o
B o o
[TTTTTTI T ]
*r—
— e
—Hp—
—_——
[=] o o
= =] Co -
| | | |
> r—

o o o ¢
%)
e o 9o ¢
¥

e s I e e
0.614 +0.135,-0.102 0.850 +0.192,-0.141
0.556 +0.186,-0.194 0.735 +0.222,-0.231

Major differences between this analysis and main analysis:

1) energy-scale is a free parameter

2) background is not fixed to MC prediction (in main analysis,
background fluctuations considered only as a systematic error)
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* Both coherent and resonant single 11" production has
been studied at K2K using data from the SciBar detector

« data is consistent with no CC coherent pion production
(published in 2005)

« cross section for resonant single " production relative to
the CCQE cross section is consistent with our MC model
and results from previous experiments (paper will be
submitted for publication this summer)
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CC11r Events

Neutrino Energy (E ),v N— u Nx* Enu_Npi
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S - Integral 3.839e+05
230000—
-— -
G -
B -
25000
E o
= L
c -
20000
15000
- Momentum Transfer (Q%),v N — p N+ Q2 Npi
10000 Mean 0.4152
: 2 = RMS 0.2515
. 85000 Integral 3.811e405
5000 s r
- e -
C %0000(
u_lll I.III.III.JI.III.IIIJIIIIII.III.II I""IIIII B :
o 05 1 15 2 25 3 35 4 45 5 Eso00F
E, (GeV) 2 000:
20000
15000
10000
5000
D-I.I.IIIIIIII]I.I.IIIIIIII]I.]I.IIIIII

0 02 04 06 08 1 12 14 16 18 2
Q* (GeV?)

June 1, 2007 L. Whitehead, Nulnt07 24




CC11r Events

Pion Momentum (p.),vN—p N7+ Ppi_Npi
T Mean 0.4113
RMS 0.2595
?0000: Integral 3.157e+05
> -
70000
[+] L
= -
%ooon_—
= C
= -
50000
40000}
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SciBar Detector Simulation

Crosstalk in the MAPMT

~3% In neighboring Attenuation length of light in
channels fiber ~350 cm by
nQ/8|nQ/5|nQ/4nQr5InQr8 measurement

nQ/5{nQ/2| nQ [nQ/2|nQ/5
Q, — a4 na| a |rapadl  Light yield calibration

nassnaiz| na raizhasl  measured for each bar ~20
NQ/8|nQ/5[nQ/4InQ/S Q8 p.€. for MIP

travel time for light in fiber:

Scintillator quenching for protons: 16 cm/ns

Birks' constant (¢) measured with
SciBar prototype in proton beam

A Evis 1
oC
AE,,. 1+c-dE/dx(expected)

PMT energy resolution of 40%
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Measured Energy Spectrum

Data from all near detectorsis ¢ ¢ — —

. 5 035 no weighting
used to measure the neutrino F . w/ weighting
energy spectrum in 8 energy £ ¢ :

bins.

0.2

0.15

Then the predicted energy
spectrum from the beam-MC is
reweighted to match the

0.1

0.05F

measurement. °

E, (GeV) Weighting factor

- . 0.00-0.50 1.657

Error of the reweighting factors 050.0.75 o7

and correlation among them is 0.75-1.00 1.154

. : 1.00-1.50 =1

considered as a systematic 500900 0011

error. 2.00-2.50 1.069

2.50-3.00 1.152

>3.00 1.260
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Vertex Matching

X-View SciBar-MRD Track
Wertex-Matched Tracks

Cther Reconstructed Tracks

P N S S S S OO NS SO B

JEUT174| EERE SSMOISS SNSRI AN AN 1+ RNSS TSR MU S

-150

180 200 220 240 260 280 300 320 340 360 380

Zz

(top view)
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SciBar-MRD Track
Vertex-Matched Tracks

Y-View

B

Cther Reconstructed Tracks

-50

180 200 220 240 260 280 300 320 340 360 380

Zz

(side view)
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SciBar-MRD track
IS in red

Before vertex
matching:
4 tracks

After vertex

matching:
1 track
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Event Classification

£8000 8

g . BccaE g B ccaE
2 7000 Ml CCpr o Il CCpr*
E 5000 M cennt ; W cenn
= BKGD £ BKGD
2 1000 = DATA 2 ® DATA

number of ~

tracks (after A8 = expected
- vertex 4 p dir. - observed

matching) y 2" track dir

(MRD sample) ', (2-track sample)

. AL
[N ERE T FTETE RNEEE REEN
5 6 7 8 9 10 180
number of vertex-matched tracks A8,
2
2 Muon M PiON
= 10 .
5 Confidence  |MPROTON
§ Level " |OTHER
: (2" and 3™ DATA
£ tracks in 3-track
g 10 samTe)
>
n
=
B N
5
g
E
E 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Muon Confidence Level
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Summary of Systematic Errors

Exclusive overall cross section ratio

Inclusive overall cross section ratio

source of systematic P source of systematic error
MC statistics +0.009  -0.009 MC statistics | +0.012 -D.012
Model effects Model effects
M4 (CCQE) £0.1 +0.021 -0.021 M4 (CCQE) 0.1 +0.024 -0.024
Bodek/Yang Corr +30% 0.021 +0.023 Bodek/Yang Corr +£30% -0.031 +0.033
[ N weighting +0.056 | | N weighting = 0.079
Neutrino Flux +0.010 -0.008 Neutrino Flux +0.013 -0.011
Sub-total +0.065 -0.064 Sub-total +0.090 -0.089
Nuclear effects Nuclear effects
7 absorption £30% +0.053 -0.015 « absorption £30% +0.089 -0.023
#-inelastic scattering +30% +0.062 0022 @ _inelastic scattering +30% +0.084 -0.029
proton rescattering +10% +0.021 -0.007 proton rescattering =10% +0.034  -0.007
Fermi motion (+ 5MeV/e) + 0.004 Fermi motion (& 5MeV/c) + 0.008
Sub-total +0.084 -0.028 Sub-total +0.127  -0.039
Detector effects Detector effects
Cross talk +0.25% +0.035 -0.021 Cross talk +0.25% +0.044  -0.034
PMT resolution =10% +0.025 -0.010 PMT resolution £10% +0.034 -0.015
Quenching constant +0.0023 +0.005 +0.012 Quenching constant 4-0.0023 +0.011 +0.016
Sub-total +0.045 -0.023 Sub-total +0.058 -0.037
Reconstruction effects Reconstruction effects
Hit threshold +£13% + 0.035 Hit threshold +15% + 0.049
Muon momemium scale +2.7% -0.004 +0.003 Muon momemtum scale +2.7% -0.005 +0.005
Angular resolution (smeared by 0.009) + 0.007 Angular resolution (smeared by 0.009) + 0.011
Sub-total +0.036 -0.036 Sub-total +0.050  -0.050
| Total | +0.121 0.082 | Total +0.174 -0.116
Total +20% -13% Total +20% -14%

June 1, 2007
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Summary of Systematic Errors

source of systematic error error error error
o MC statistics +0.011 -0.011 || +0.020 -0.020 | +0.028 -0.028 || +0.042 -0.042
e Model effects
© M4 (CCQE) +0.1 +0.016 -0.017 || +0.023 0022 | +0.015 -0.016 || +0.004 -0.013
g Bodek/Yang Corr £30% 0.027 +0.029 || -0.020 +0.021 | 0.017 +0.019 || -0.013 +0.016
prr ‘ N7 weighting + 0.051 ‘ + 0.051 ‘ + 0.057 ‘ + 0.067 ‘
8 Neutrino Flux +0.007 -0008 || +0.014 -0.015 |+0.024 -0.021 (| +0.057 -0.050
m Sub-total +0.061 -0.061 || +0.061 -0.061 | +0.066 -0.065 (| +0.089 -0.085
8 Nuclear effects
O m absorption +30% +0.051 -0.052 || +0.006 -0.006 || +0.107 +0.011 || +0.076 +0.004
Q 7 inelastic scattering +30% +0.024 +0.028 || +0.112 -0.115 || +0.060 +0.092 || +0.032 -0.129
= proton rescattering +10% +0.027 +0.039 || +0.030 -0.092 || +0.067 -0.067 || +0.048 -0.045
% Fermi motion (+ 5MeV/c) + 0.004 -+ 0.001 + 0.005 +0.018
E Sub-total +0.070 -0.052 || +0.116 -0.147 | +0.156 -0.005 || +0.097 -0.138
L Detector effects
Cross talk +0.25% +0.031 +0.033 || +0.028 -0.058 | +0.043 -0.039 (| +0.049 -0.032
PMT resolution £10% +0.012 -0.006 || +0.021 -0.004 |+0.042 -0.019 || +0.024 -0.018
Quenching constant +0.0023 +0.020 +0.001 || -0.022 +0.021 [+0.039 +0.022 (| -0.027 +0.002
Sub-total +0.040 -0.006 || +0.041 -0.062 | +0.072 -0.043 (| +0.055 -0.046
Reconstruction effects
Hit threshold +15% 4+ 0.015 =+ 0.036 + 0.036 £ 0.067
. Muon momemtum scale +2.7% | -0.035 +0.092 || -0.116 +0.008 [ +0.088 -0.004 || +0.225 -0.258
Angular resolution (smeared by 0.009) + 0.006 + 0.008 + 0.019 +0.119
Sub-total +0.093 -0.039 || +0.038 -0.122 | +0.097 -0.041 || +0.2653 -0.292
Total +0.138 -0.090 || +0.144 0211 | +0.210 -0.093 || +0.302 -0.340
Total +32% -21%+21% -31% +27% -12%+45% -50%
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Inclusive cross section ratio

Summary of Systematic Errors

source of systematic error error error | error |
MC statistics +0.015 -0.015 || +0.031 -0.031 || +0.044 -0.044 |+0.066 -0.066
Model effects
M4 (CCQE) 0.1 +0.017 -0.018 || +0.026 -0.026 || +0.019 -0018 | -0.001 -0.013
Bodek/Yang Corr £30% 0.036 +0.038 || -0.029 +0.032 || -0.030 +0.032 | -0.026 +0.029
| N weighting +0.066 | +0.075 | £0.088 +0.111 |
Neutrino Flux +0.010 -0.011 || +0.022 -0021 || +0.034 -0.033 |+0.085 -0077
Sub-total +0.079 -0.078 || +0.088 -0.087 || +0.102 -0.100 | +0.143 -0.138
Nuclear effects
m absorption +30% +0.059 -0.088 || +0.022 +0.014||( +0.189 -0.003 | [ +U.145 +UUL>
7 inelastic scattering +30% +0.023 +0.021 ||| +0.186 -0.151 ||| +0.050 +0.138| | +0.043 -0.197
proton rescattering +10% +0.018 +0.062 ||| +0.084 -0.143 -0.028 +0.114| | +0.112 -0.087
Fermi motion (+ 5MeV/c) + 0.005 4 0.005 4+ 0.007 4+ 0.032
Sub-total +0.089 -0.088 || +0.205 -0.208 || +0.260 -0.029 |+0.193 -0.218
Detector effects
Cross talk £0.25% +0.020 +0.033 || +0.032 -0.080 || +0.082 -0.051 |+0.074 -0.058
PMT resolution +=10% +0.009 -0.010 || +0.035 -0.002 || +0.054 -0.032 |+0.037 -0.029
Quenching constant +0.0023 +0.025 -0.007 || -0.024 +0.031 || +0.058 +0.045 | -0.025 -0.011
Sub-total +0.042  -0.012 || +0.057 -0.084 || +0.114 -0.060 | +0.083 -0.069
Reconstruction effects
Hit threshold +-15% + 0.020 + 0.046 + 0.054 + 0.109
Muon momemtum scale +2.7% -0.048 +0.111 || -0.183 +0.042 ‘ +0.107 +0.013 ‘ +0.344 —0.396‘
Angular resolution (smeared by 0.009) + 0.021 +0.025 + 0.042 £ 0.216
Sub-total +0.115 -0.056 || +0.067 -0.190 || +0.127 -0.068 | +0.421 -0.464
Total +0.171 -0.132 || +0.242 -0.308 || +0.230 -0.145 |+0.496 -0.540
Total +33% -25% +25% -32% +28% -12%+44% -48%
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Migration Matrix

EXCLUSIVE
(CCpr’)

/ 0.212 + 0.003
0.025 = 0.001
0.001 £ 0.000
0.000 £ 0.000

0.120 £ 0.002
0.142 £ 0.002
0.022 4 0.001
0.001 £ 0.000

0.055 + 0.002
0.083 £ 0.002
0.144 + 0.003
0.016 £+ 0.001

0.277 +0.003
10.723 £ 0.007

0.051 &+ 0.000
0.949 £ 0.003

0.033 £ 0.002
0.024 £+ 0.001
0.082 4+ 0.003
0.160 == 0.004

0.011 £ 0.000 \
0.015 % 0.000
0.016 =+ 0.000
0.011 + 0.000

\ 0.763 £ 0.007

0.715 £ 0.007

0.702 £ 0.007

0.701 £ 0.010

0.948 + 0.003 ,{

INCLUSIVE
(CCpr)

(’ 0.203 £ 0.003
0.023 £ 0.001
0.001 £+ 0.000
(.000 + 0.000

0.124 4 0.002
0.124 4 0.002
0.019 = 0.001
0.001 4 0.000

0.069 = 0.002
0.081 £ 0.002
0.117 = 0.002
0.012 £ 0.001

0.051 £ 0.000

(’ 0.250 &+ 0.003
_0.750 & 0.007

0.949 + 0.003

0.038 £ 0.002
0.032 £ 0.001
0.079 £ 0.002
0.130 + 0.003

0.011 £ 0.000 \
0.015 £ 0.000
0.016 = 0.000
0.011 + 0.000

\ 0.773 &+ 0.007

0.732 £+ 0.006

0.721 £+ 0.006

0.721 = 0.009

0.948 + 0.003 /

CClmt

(matrix elements are normalized by e.g., €_
so that columns sum to 1)

June 1, 2007
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Sample

CCQE CCprt CCnrt CC17® CC DIS Other
Fiducial Volume 32 18 6 5 9 30
MRD 52 22 6 6 9 5
1-track 57 20 6 6 8 3
2-track QE 78 13 1 3 4 1
2-track nonQE pion 6 41 15 8 24 6
2-track nonQE proton 32 38 3 12 12 3

June 1, 2007
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Data and Nominal

|p 1 trk before fit| p_data_1irk
b Mean  1.106
I—_ RMS 0.5102
14001 Integral 7638
L p_mc_1trk_ini
B Mean 1.09
1200'-_ RMS 0.4925
- Integral 7699
1000—
r
r
r

3
muon momentum (GeV/c)

p 2 trk nonQE pion before fit
U

4

p_data_ngepi

Mean 0.9669

3
muon momentum (GeV/c)

June 1, 2007

RMS 0.4813
Integral 750

p_mc_ngepi_ini

Mean 0.9042
RMS 0.4589
Integral  706.7

4

MC g Momentum

|p}l 2 trk QE before fit

p_data_ge
Mean 1.125

150

100

¥
(=]
||||'|'||||'|'||||'|'||||'|_I—I_

3
muon momentum (GeV/c)

p. 2 trk nonQE proton before fit
L

RMS 0.4759

Integral 1261
p_mc_ge ini

Mean 1.105
RMS 0.4536

Integral 1237

4

p_data_ngepro

Mean 1.027

180

3
muon momentum (GeV/c)

L. Whitehead, Nulnt07

RMS 0.4379
Integral 811

p_mc_ngepro_ini

Mean 1.017
RMS 0.4452
777.3

4



Data and Nominal MC uy Angle

[6, 1 trk before fit] q data_lirk |6, 2 trk QE before fit q data_ge

S Mean  25.29 Mean 347

RMS 12.91 RMS 12.46

2500'._ | nteg ral 7638 Integral 1261

B q_mc_Ttrk_ini g_mc_qge_ini

N Mean 24.71 Mean  34.17

2000 RMS 12.84 RMS 118

= Integral 7699 Integral 1237
1500~
1000

70 80 90 70 80 20
muon angle (degrees) muon angle (degrees)

6, 2 trk nonQE pion before fit q_data_nqgepi 6, 2 trk nonQE proton before fit q_data_ngepro

Mean 28.08 Mean 30.51

RMS 13.8 240 RMS 12.76

200 Integral 750 Integral 811

q_mc_ngepi_ini 290 €_mc_ngepro_ini

Mean 27.46 Mean 30.71

RMS 13.48 200 RMS 12.69

Integral  706.7 180 Integral  777.3

160

120
100

3
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

70 80 90 70 80 90
muon angle (degrees) muon angle (degrees)
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Cross-Check Analysis

Nobs
_ QZ [ e:cp Nf;bs 1 Nobsl Nej;p:|

15

N**® is a function of the nominal MC and the fitting parameters.

e:Bp . Z (RCCQENCCQE(P ) + RCCIW-I-NCCHH- sc _|_ NBk‘gd

normal- # CCQE events with E |n\ /

ization bin e in bin i, sample s glcrql:.?_:lgrfgr
after scaling the Bkad events
Sum over distribution by Psc. g

bins of true E

\"

R °“'"*: reweights CC1n" interactions in E _bin e

R¢“%%: reweights CCQE interactions
Psc: muon momentum scaling pu' = pM/Psc
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Cross-Check Analysis Results

Energy Range

Cross Section Ratio

001w+

(GeV) Re = —UCOQE
>0.00 0.735+0.194(fit) 10953 (nucl) T 078 (syst)
0.00-1.35  [0.40340.173(fit) F0-957 (nucl) 72-228 (syst)
1.35-1.72  [1.023+0.281(fit) T 972 (nucl) 75197 (syst)
1.72-2.22  |1.006=0.334(fit) 9210 (nucl) F0- 225 (syst)
>92.22 1.44440.470(fit) T0 587 (nucl) 7o 523 (syst)

Energy Range

Cross Section Ratio

JCCpfr+
(GeV) Re = T@E
O¢
>0.00 0.55640.145(fit) 5079 (nucl) 9959 (syst)
0.00-1.35 0.33140.151(fit) 75 532 (nucl) o ooz (syst)
1.35-1.72  |0.760%0.206(fit)+2-9%8 (nucl) T 192 (syst)
1.72-2.22  [0.7110.238(fit) T 152 (nucl) 7298 (syst)
>2.22 0.846+0. 319(ﬁt)f8'(1)§:?, (nucl) T30 (syst)
June 1, 2007 L. Whitehead, Nulnt(07
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Polystyrene (C_H_) has 56 protons and 48 neutrons.

Need to know the factor by which we can scale the result
down to take this into account.

Inclusive ratio:
o(vp— p pr’)+o(vn — pnr’) o(v(CsHs) — p pr’) + o(v(CsHg) — p nm')
o(vn — pp) o(v(CsHs) — p=p)

o(v(CsHg) — pu pr™)
5 o(v(CsHg) — p—prt) + O'(‘Llj(ggHg) — p—nrt) f — (48/56) Sp Sn

o(v(CsHs) — pnm™)
o(v(CsHg) — p—prt) + o(v(CsHg) — p—nrt) f — 09

= f X

Sn

o(v(CsHg) — p prt)

o(v(CsHg) — pup) f — 6/7

~ 560(vp — ppn™)

Exclusive ratio;:  Riosurealezc) =

480 (vn — pu~p)
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